Genetic diversity in nine African buffalo ( Syncerus caffer ) populations throughout Africa was analysed with 14 microsatellites to study the effects of rinderpest epidemics and habitat fragmentation during the 20th century. A gradient of declining expected heterozygosity was observed among populations in Save Valley Conservancy (Zimbabwe), and northern and southern Kruger National Park (South Africa). This was explained by a high mortality in northern Kruger National Park during the rinderpest pandemic at the end of the 19th century followed by recolonization from neighbouring populations, resulting in intermediate heterozygosity levels in northern Kruger National Park. In other populations expected heterozygosity was very high, indicating that rinderpest and recent habitat fragmentation had a limited effect on genetic diversity. From expected heterozygosity, estimates of long-term effective population size were derived. Migration rates among populations in eastern and southern Africa were very high, as shown by a weak isolation by distance and significant correlation in allele frequencies between populations. However, there were indications that dry habitats could limit migration. Genetic distances within buffalo in central Africa were relatively large, supporting their status as distinct subspecies. Finally, it was observed that the higher polymorphic microsatellites were less sensitive at detecting isolation by distance and differences in N e , which may be a result of the high mutation pressure at these loci.
Introduction
Historically, African buffalo ( Syncerus caffer ) inhabit nearly the whole of sub-Saharan Africa. Buffalo live in herds that can vary between 20 and 1600 individuals (Sinclair 1977; Prins 1996) . According to field observations, females and subadults stay in their native herds (Sinclair 1977; Prins 1996) . The herding behaviour of adult males is less clear. Both frequent migration between herds (Prins 1996) and an absence of migration (Sinclair 1977 ) is mentioned.
African buffalo have been affected by habitat fragmentation caused by increasing human habitation and cultivation and by rinderpest epidemics. As a consequence, the distribution of most African buffalo populations is restricted to protected areas. Of the more than 3 million buffalo that roamed the continent in the 19th century only some 400 000 are left (Lessard et al . 1990) .
Rinderpest was introduced into Africa by humans in 1889, causing a continent-wide pandemic with overall mortality estimated at between 90 and 95% (Plowright 1982; Shigesada & Kawasaki 1997; O'Ryan et al . 1998) . However, by some estimates certain areas were affected more severely. In Kruger National Park (South Africa) only 20 individuals were observed in 1902 (Stevenson-Hamilton 1911) and in the Umfolozi-Hluhluwe Complex (South Africa) only 75 individuals were observed in 1929 (O'Ryan et al . 1998) . In general, buffalo populations were able to recover within 30 years, but in some areas populations were affected until the 1960s (Sinclair 1977; Plowright 1982; Prins 1996; Simonsen et al . 1998 ). There were subsequent rinderpest epidemics during the remainder of the 20th century, but they were less severe with mortality not exceeding 50% (Plowright 1982) .
Recently, different population genetic studies on African buffalo have been conducted (Grobler & Van der Bank 1996; Templeton & Georgiadis 1996; O'Ryan et al . 1998; Simonsen et al . 1998; Wenink et al . 1998; Van Hooft et al . 1999 ). Low population differentiation and high levels of genetic variability were observed for the MHC DRB3 gene, microsatellites and mitochondrial DNA. These data indicate large effective population sizes ( N e ) and high migration rates between populations, as well as between herds. Results of mitochondrial DNA and microsatellite data were congruent, contradicting field observations of maledominated dispersal. Except for one population in South Africa (Umfolozi-Hluhluwe Complex, O'Ryan et al . 1998) , population bottlenecks caused by rinderpest epidemics appeared to have had only a limited impact on genetic diversity. The herding behaviour of buffalo could lead to inbreeding resulting in positive deviations from HardyWeinberg equilibrium (HWE), but results from different population genetic studies do not show a consistent pattern.
Because of their high polymorphism, microsatellites have proven very useful for population genetic studies (Bruford & Wayne 1993; Avise & Hamrick 1996; Smith & Wayne 1996; O'Ryan et al . 1998; Simonsen et al . 1998) . In this study, we used 14 microsatellites to analyse the effects of bottlenecks, caused by rinderpest epidemics and habitat fragmentation since the end of the 19th century, on the genetic diversity of African buffalo populations. Not only did we try to verify conclusions from other studies, but we also wanted to find out if using a larger number of microsatellites than in previous studies could lead to new insights.
Materials and methods

Samples and DNA extraction
During the period 1991-1996 a total of 162 samples were collected from different parts of Africa (Fig. 1) . In eastern Africa samples were collected from Amboseli National Park (NP) (population size 1200, DRSRS in Nairobi), Lake Nakuru NP (population size 1500, animal count by Shem Mwasi working at our department), Masai Mara Game Reserve (GR) (population size 11 000, DRSRS) and Tsavo NP (population size 12 000, DRSRS) in Kenya and Serengeti NP (population size 21 000, Tanzania Wildlife Conservation Monitoring 1994) in Tanzania. Amboseli NP and Tsavo NP, and Masai Mara GR and Serengeti NP are adjoining. The maximum distance between sampling localities in Amboseli NP and Tsavo NP is 200 km. In southern Africa samples were collected from northern Kruger NP (Shingwedzi) and southern Kruger NP (Lower Sabie, population size whole Kruger NP 35 000, O'Ryan et al . 1998) in South Africa and from the Save Valley Conservancy (C) (population size 600, animal count by the conservancy) in south-east Zimbabwe. Prior to the collection of samples, buffalo in the Save Valley C were restocked in 1993 from Gonarezhou NP (38 animals, population size 5000, Winterbach 1998) in south-east Zimbabwe and Hwange NP (360 animals, population size 4500 in 1989, Winterbach 1998) in west Zimbabwe. The distance between the sampling localities in northern and southern Kruger NP is 240 km. In central Africa samples were collected from Gabon (two from Lopé Reserve) and Cameroon (one from Zone de Rhinoceros south-west of Bouba Ndjida NP and two from Elephant Camp at Garoua). Buffalo in western and central Africa are morphologically very different from those in eastern and southern Africa and are generally regarded as a distinct subspecies ( Syncerus c. nanus , dwarf or forest buffalo, Prins 1996) . Four samples, which on the basis of their morphology were identified as forest buffalo, were obtained from different zoos in Europe: Safari Park Beekse Bergen (The Netherlands), Antwerpen Zoo (Belgium), Dresden Zoo (Germany) and Berlin Zoo (Germany). The precise origin of these samples was not known. The samples from central Africa/forest buffalo were treated as one population.
Samples were collected from tranquillised animals as whole blood, from darted animals as skin-muscle biopsy or from culled animals as muscle biopsy. Biopsies were kept in 80% ethanol, 1 m m EDTA (pH 8.0) and stored at room temperature. Blood samples were heparinized and kept frozen. DNA was isolated from the samples using Gene Pure Kit (Gentra Systems), following manufacturer's instructions.
Microsatellite amplification
Fourteen microsatellites were selected from a set of 91 polymorphic loci (Van Hooft et al . 1999 Kappes et al . 1997] .
Polymerase chain reaction (PCR) was carried out on 30 ng of genomic DNA in a 12-µ L reaction of 50 m m KCl, 10 m m Tris-HCl, pH 8.3, 200 µ m dNTP, 1.5 m m MgCl 2 , 1 m m tetra-methyl-ammonium-chloride, 0.1% Triton X-100, 0.01% gelatine, 4.5 pmol of each primer and 0.25 U Taq polymerase (Goldstar). Amplification was realized, using a PTC-100 machine (MJ Research), in 35 cycles with an annealing temperature of 55 ° C, except in the case of INRA006 for which an annealing temperature of 50 ° C was used. Of each primer pair one was end-labelled with the fluorescent dye TET, 6-FAM or HEX. After PCR samples were genotyped on a 6% sequencing gel (Ultrapure Sequagel-6) with Genescan™ 350-Tamra as internal standard using a 373 automatic DNA sequencer (Applied Biosystems). Eleven or more microsatellites could be amplified in all samples and in only 2% of the cases no PCR product was obtained. Data were collected, analysed and genotyped using abi prism ™ 373 collection (version 1.1), genescan ™ analysis (version 1.2.2) and genotyper ™ (version 1.1) software (Applied Biosystems).
Statistical analysis
To test for interpopulation differentiation a Fisher's R × C test (Sokal & Rohlf 1995) was performed on allele frequencies of each locus between all pairs of populations and all populations simultaneously (Raymond & Rousset 1995b ). In addition, Fisher's Combined Probability test was employed as a global test over loci to determine the overall significance (Sokal & Rohlf 1995) . Both tests were performed with tfpga 1.3 (Miller 1997) .
Genotypic linkage disequilibrium was estimated between all locus pairs with genepop 3.1 (update of version 2.1 described in Raymond & Rousset 1995a) . The program performed a probability test using a Markov chain (dememorization 3000, batches 150, iterations per batch 3000). Weir and Cockerham's analogue of Wright's F IS (Weir & Cockerham 1984 ) was estimated using tfpga 1.3. Ninety-five per cent confidence intervals (CI) were estimated by bootstrapping (10 000 × ). Significance levels of deviations from HWE were estimated with genepop 3.1. The program performed the score test (Rousset & Raymond 1995 ) using a Markov chain (dememorization 5000, batches 50, iterations per batch 5000). Significant levels were calculated per locus, per population and over all loci and populations combined.
Genetic diversity within populations was measured as the mean number of alleles per locus ( NA ), mean observed heterozygosity per locus ( H O ) and mean expected heterozygosity per locus ( H E ) under HWE (Nei 1987; Hartl & Clark 1989 ) with gda 1.0 (Lewis & Zaykin 1999) .
Variance in H O , assuming linkage equilibrium, was calculated as (Weir 1996) : (1) where, n l is the number of genotyped individuals at locus, l ; m is the number of loci and H l is the observed heterozygosity at locus l .
Variance of H E , assuming linkage equilibrium, was calculated as (Weir 1996) : (2) where, n l is the number of genotyped individuals at locus l ; m is the number of loci; p lu is the frequency of allele u at locus l and f l is the deviation from HWE at locus l (Weir and Cockerham's analogue of Wright's F IS ).
Weir and Cockerham's analogue of Wright's F ST was estimated using tfpga 1.3 (Cockerham 1973; Nei 1973; Weir & Cockerham 1984) . Ninety-five per cent CIs were estimated by bootstrapping (10 000×). Rho, which is an estimate of R ST unbiased with regard to sample size, was calculated with rstcalc (Goodman 1997) . Ninety-five per cent CIs were estimated by bootstrapping (2500×). R ST is an analogue of F ST . It is specifically adapted to microsatellite data by assuming a stepwise mutation model. R ST is the fraction of the total variance of allele size that is between populations (Slatkin 1995) . To test for correlation between genetic and geographical distances (isolation by distance) a Mantel g-test (Mantel 1967 ) was performed using genepop 3.1 (10 000 permutations).
Two tests were performed to detect effects of recent population bottlenecks on genetic diversity; one based on the presence of heterozygosity excess and the other on a mode shift of the allele frequency distribution. Both tests
were performed with bottleneck 1.2.02 (Piry et al. 1999) . The first test makes use of the observation that in populations that go through a bottleneck the number of alleles is reduced faster than H E . Therefore, in a recently bottlenecked population H E is higher than the expected equilibrium gene diversity (H eq ), which is computed from the observed number of alleles (Cornuet & Luikart 1996) . In calculating H eq the stepwise mutation model (SMM) was assumed. To determine whether a population exhibited significant H E excess the Wilcoxon matched pairs test (Sokal & Rohlf 1995 , test included in software program) was performed. The second bottleneck test makes use of the observation that in a recently bottlenecked population there is a relative decrease in the number of alleles with frequencies lower than 0.1 compared with intermediate frequency classes (e.g. 0.1-0.2). This test can only be used with sample sizes of at least 30 individuals and a minimum of eight polymorphic loci (Luikart et al. 1998) .
Nonparametric statistics were applied because for most variables not all the assumptions for parametric tests may have been met. Significance levels of differences in mean H E between populations were calculated by Friedman anova when more than two populations were compared and Wilcoxon matched pairs test in the case of two populations (Sokal & Rohlf 1995) . In both cases single locus H e s were used for the calculations. When analysing correlation among variables Spearman's coefficient, r s , was used (Sokal & Rohlf 1995) .
Results
There was significant population differentiation (P < 0.0001) and most population pairs were significantly differentiated (P < 0.0001). No significant differentiation was observed between Masai Mara GR and Serengeti NP (P = 0.42), Masai Mara GR and Tsavo NP (P = 0.1), Save Valley C and northern Kruger NP (P = 0.31), and northern and southern Kruger NP (P = 0.07).
No significant linkage disequilibrium was observed (P > 0.05). There was a significant deviation from HWE when all populations and all loci were analysed (P < 0.0001) but the lower margin of the 95% CI of F IS was very close to zero (95% CI: 0.003 -0.069). To test for consistent departures from HWE across loci, F IS was also analysed per locus. Only loci AGLA293, ABS010 and TGLA159 showed P-values < 0.004. All other loci showed P-values > 0.04. With these three loci excluded, no significant deviation from HWE was observed when data from all populations and all loci were combined (P > 0.2, F IS = 0.006, 95% CI: -0.014 to 0.022).
Mean NA varied between 5.6 (Tsavo NP) and 9.1 (Serengeti NP), and between 4.6 (southern Kruger NP) and 6.6 (central Africa) when a random sample of eight individuals for each population was used (Table 1) . H O varied between 0.647 (southern Kruger NP) and 0.770 (Serengeti NP) with an overall mean of 0.729. H E varied between 0.664 (southern Kruger NP) and 0.811 (central Africa) with an overall mean of 0.759 (Table 1) . There were significant differences in H E between populations (P < 0.05). No significant differences were observed in H O (P > 0.6) because of a larger within-population variance of H O than H E . A gradient of declining H E was observed comparing the populations in Save Valley C, northern and southern Kruger NP, with southern Kruger NP showing the lowest H E . When Kruger NP was excluded from the calculations no significant differences in H E were found (P > 0.5).
Differences in H E were significant between Save Valley C and northern Kruger NP (P = 0.008) and almost significant between northern and southern Kruger NP (P = 0.06). In the latter case, only one locus (BM4028) had a mean H E < 0.18, and also with this locus excluded no significant differences in H E were observed (P > 0.1). Between most population pairs single locus H E values were strongly correlated (P < 0.02, r s > 0.6), except when the population from central Africa was included (P > 0.3, r s < 0.3). The latter was due mainly to a strong increase of H E in central Africa for the six least polymorphic loci (0.80 vs. 0.62 for the other populations). Between most population pairs allele frequencies were significantly correlated (P < 0.05, r s > 0.18), except when central Africa was included (P ≥ 0.05, r s < 0.17). With each of the three regions eastern Africa (Kenya and Tanzania), southern Africa (Zimbabwe and South Africa) and central Africa treated as one population, central Africa contained the highest percentage of private alleles ( Table 2) .
The two bottleneck tests did not show a significant effect of recent population bottlenecks, except for Tsavo NP where a significant heterozygosity excess was observed under the SMM (P = 0.0004, other populations P > 0.18). It must be noted that, because most samples contained fewer than 30 individuals, the test for mode shift of allele frequency distribution could only be performed on samples from Lake Nakuru NP, Serengeti NP and a pooled sample from northern and southern Kruger NP.
F ST and Rho calculated across all populations were 0.059 and 0.065, respectively, whereas mean values of F ST and Rho between population pairs were 0.059 and 0.073, respectively (Table 3) . Between most population pairs 95% CIs for F ST and Rho were largely overlapping, except Nak., Lake Nakuru NP; M.M., Masai Mara GR; Ser., Serengeti NP; Amb, Amboseli NP; Tsa., Tsavo NP; Sav., Save Valley C; n. Kru., northern Kruger NP; s. Kru., southern Kruger NP; c. Afr., central Africa.
between Lake Nakuru NP and Masai Mara GR and for four pairs that included central Africa. Significant isolation by distance was observed for both F ST (P < 0.00001) and Rho (P < 0.02) (Fig. 2) . Rho values between central and eastern Africa were much larger than between eastern and southern Africa at comparable geographical distances. When central Africa was treated as a distinct group there was still significant isolation by distance with F ST (P < 0.0005) but not with Rho (P = 0.16).
Discussion
Kruger NP
The population in Kruger NP showed the lowest genetic diversity, while mortality during the rinderpest pandemic was estimated to have been especially high in this park. In principal, the low H E in Kruger NP compared with the nearby Save Valley C could also be a result of an artificially high H E in the latter due to restocking from different localities. However, pooling of samples from eastern Africa indicated that this could lead to an increase of only 0.02, whereas a difference of 0.04 was observed. The gradient of decreasing H E along the transect between Save Valley C and southern Kruger NP combined with the absence of significant differentiation between neighbouring populations may be due to gene flow from the north after the rinderpest pandemic. However, loci with H E values close to 0 or 1 did not show a significant gradient of decreasing H E , in contrast to loci with intermediate H E values. According to the formula for the rate of change in H E from genetic drift, the decrease in H E during a bottleneck is ≈H E /2N e per generation (Nei et al. 1975; Hartl & Clark 1989) . Therefore the strongest gradient would be expected at loci with high prebottleneck H E values. Furthermore, two tests for population bottlenecks gave a negative outcome. In agreement with the latter observation, in a recent study on African buffalo, by performing a likelihood analysis, it was concluded that the population in Kruger NP has retained most of its original genetic variation (O'Ryan et al. 1998) . The seemingly contradictory observations for the population in Kruger NP can be explained by historical data about the rinderpest pandemic (Kruger National Park, Department of Scientific Services). According to these data mortality was especially high in northern Kruger NP where only few buffalo were reported until the 1930s, whereas buffalo recovered very quickly in southern Kruger NP. Since then, it has been observed that northern Kruger NP was recolonized from southern Kruger NP and possibly also from Mozambique and Zimbabwe in the north. Recolonization from both south and north explains the intermediate H E in northern Kruger NP, as well as the 
Fig. 3
Relationship between expected heterozygosity (H E ) and effective population size × mutation rate (N e µ) for populations in mutation-drift equilibrium. This graph was derived from the infinite alleles model of mutation [IAM, H E = 1/(1 + 1/4N e µ) formula 13.30 in Nei 1987 ] and stepwise mutation model [SMM, H E = 1 -(1 + 8N e µ) -1/2 formula 13.48 in Nei 1987]. absence of significant population differentiation between neighbouring populations. The absence of significant differences for extreme H E values can be explained if one assumes ancient population differentiation between Zimbabwe and southern Kruger NP, and a relatively small long-term (time to reach mutation -drift equilibrium) N e for the latter. According to both the SMM and infinite alleles model of mutation (IAM) variation in long-term N e has relatively little effect on H E at values close to 0 or 1, as shown in Fig. 3 . A small long-term N e in southern Kruger NP is not unlikely as south-east South Africa is relatively isolated from the north of Africa by the arid Limpopo Valley at the north-eastern border. The Limpopo Valley is a known ecological barrier for various vertebrates (Van Bruggen 1964; Pienaar 1970) . In support of this explanation buffalo in the Umfolozi-Hluhluwe Complex, located south of Kruger NP, show an even lower H E (O'Ryan et al. 1998) . However, in this population, rinderpest could have had an effect as well. The negative outcome of the bottleneck tests for northern Kruger NP can be explained by assuming immigration of rare alleles. Particularly rare alleles are lost during a bottleneck, and it is this loss of rare alleles to which the two bottleneck tests used in this study are sensitive (Cornuet & Luikart 1996; Luikart et al. 1998) . As it is unlikely that different populations loose exactly the same set of alleles during a bottleneck, gene flow can reintroduce many of the lost alleles in each population.
Estimate of N e
Estimates of long-term N e can be derived from H E and mutation rate using either the IAM or the SMM (formulas 13.30 and 13.48 in Nei 1987) . The mean mutation rate of microsatellites in a number of mammals is known, which could be applied to buffalo. Unfortunately, mean H E per population was biased because the microsatellites used in this study were selected for polymorphism. However, reasonable minimum and maximum estimates of overall H E could be made. Of 101 bovine microsatellites that could be amplified on a test panel of seven buffalo, 10% were monomorphic (Van Hooft et al. 1999 ). By assuming a mean H E for the polymorphic markers equal to that observed in this study, a maximum estimate of overall H E of 0.68 was obtained. The H O of the test panel was 0.61, which could be used as a minimum estimate. This resulted in an estimate of long-term N e between 2600 and 24 000, assuming a mean mutation rate of 4.5 × 10 -5 -15 × 10 -5 per generation (Crawford & Cuthbertson 1996; Schug et al. 1997; Lehmann et al. 1998 ). This estimate of N e is large compared with current census sizes, which are often < 2600. Our estimate of long-term N e is between 7.5 and 70% of current census sizes in the Masai Mara-Serengeti and Kruger ecosystems. This is comparable with the short-term (two generations) N e estimate of 10 -30% made by O'Ryan et al. (1998) .
Rinderpest and habitat fragmentation
The high mean H E and the negative outcomes of the bottleneck tests for all but one population indicate that, in general, rinderpest epidemics and recent habitat fragmentation had a small effect on genetic diversity. The positive outcome of one bottleneck test for Tsavo NP was probably because of the small sample size, as this population showed a relatively high H E . The absence of a significant effect of rinderpest is probably due to the fact that most buffalo populations were able to recover within only a few generations after major epidemics. In addition, immigration from neighbouring populations could have restored part of the lost genetic diversity, as postulated for northern Kruger NP. The absence of a significant effect of habitat fragmentation is probably due to the fact that there have been only a few generations since the strong increase of human habitation and cultivation in Africa.
Isolation by distance was observed both for F ST and Rho. Because H E has probably decreased very little during this century, it seems reasonable to assume that positive F ST and Rho values reflect ancient habitat fragmentation. Correlation in allele frequencies among all populations in eastern and southern Africa and small F ST and Rho values (<0.1) indicate high historical migration rates. The observation of significant population differentiation between Amboseli NP and Tsavo NP was surprising as these are adjoining populations. As with southern Kruger NP, limited migration between Amboseli NP and Tsavo NP may be explained by the dryness of the habitat. The low H E in Amboseli NP (P = 0.05 for the difference with Tsavo NP) suggests a small, isolated population. Population differentiation between Amboseli NP and Tsavo NP has also been observed for Grant's gazelle (mitochondrial D-loop and two microsatellites, Arctander et al. 1996) and elephant (mitochondrial genes ND5 and ND6, Siegismund & Arctander 1995) .
Pairwise Rho values between eastern and southern Africa were much smaller than those observed by Simonsen et al. (1998) using six microsatellite loci (0.06 vs. 0.15). One possible explanation for this difference is that we used higher polymorphic loci (mean H E 0.76 vs. 0.58). When only the five lowest polymorphic loci were selected, Rho values were twice as high (0.11 vs. 0.06). Furthermore, with only these loci significant isolation by distance between eastern and southern Africa (P = 0.05) was observed in agreement with the study by Simonsen et al. (1998) (P = 0.01), in contrast to the more polymorphic loci (P = 0.16). These results indicate that microsatellites can be too polymorphic to detect isolation by distance. This could be caused by a high mutation pressure which, because of the limited number of possible alleles at microsatellite loci, tends to shift different populations to the same distribution of alleles (Nauta & Weissing 1996) .
Central Africa
Rho values between central and eastern Africa were much larger than those between eastern and southern Africa at comparable geographical distances. Furthermore, central Africa had the highest frequency of private alleles. Both observations indicate that the population in central Africa was relatively isolated due to reduced gene flow, which support their classification as a distinct subspecies. Reduced gene flow may be a result of stronger habitat fragmentation in central Africa because of the presence of rainforest. As the samples came from various localities, the increase of H E from 0.62 to 0.80 in central Africa at the lower polymorphic markers may be attributed to a Wahlund effect caused by fragmentation of this habitat (Hartl & Clark 1989) . In comparison, when samples from eastern and southern Africa were pooled H E only increased from 0.62 to 0.67. A larger N e seems an unlikely explanation for the increase in H E because of the relatively low population density in this part of Africa (Prins & Reitsma 1989; Prins 1996) .
In contrast to Rho, F ST values between eastern and southern Africa were similar to those between eastern and central Africa. This may be due to the fact that F ST becomes negatively biased at lower gene flow levels (Slatkin 1995) . Although overall F ST and Rho were not significantly different, four of eight pairwise population comparisons with central Africa showed no or little overlap in the 95% CIs.
Conclusions
This study focused on the effects of rinderpest epidemics and habitat fragmentation since the end of the 19th century on the genetic diversity of African buffalo populations. We conclude that rinderpest epidemics did not lead to significant loss of genetic diversity. However, in the past, genetic diversity could have been decreased temporarily. Habitat fragmentation did not appear to have influenced genetic diversity to a great extent, although it may still have profound effects in the near future. Current census sizes of many buffalo populations are smaller than the long-term N e , which implies that without migration they will not be able to maintain historical levels of genetic diversity at microsatellite loci. Genetically, buffalo in central Africa were relatively isolated supporting their status as separate subspecies. Finally, by using twice as many microsatellites as most other population genetic studies on wild animals we were able to study the influence of mutation rate on the ability to detect isolation by distance and differences in N e .
